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Topologic mesh “delity.We evaluated the achieved topologic mesh “delity on a complex AVM pathology (Figure
10(a)). The red circles in Figures 10(b)-10(d) locate the AVM mesh regions with a poor topologic “delity. The
CBC3D demonstrates the highest “delity among the three methods, preserving almost all the vascular structures in
the mesh (Figure 10(b)). CGAL resolves only su� ciently large vessels (Figure 10(c)). Cleaver exhibits a higher
topologic“ delity than CGAL, but it does not preserve some thin vessels in “ve di�erent locations (Figure 10(d)).

Meshsmoothness.Figure 11 compares the smoothness of a brain mesh generated by the three methods. Cleaver
captures more features on the brain surface because it generates a larger number of triangles than CBC3D and CGAL.
However, Cleaver•s mesh exhibits a lower “delity because it is slightly shifted compared to the position of the brain
depicted in the image. The is illustrated clearly in Figure 9(c) and veri“ed by the HD metric in Table 4.

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 (e) Case 5

Fig. 9. Qualitative results on (geometric) mesh “delity. From top to bottom row: axial, sagittal, and coronal image slices. From left to right
column: Case 1-5. Gray represents the brain segmentation. White represents the segmentation of the other tissue. Green, yellow and red illustrate
the intersection between the surfaces/interfaces of the CBC3D, CGAL and Cleaver meshes, respectively, and the image slice. The closer the
intersection to the physical image boundaries/interfaces, the higher the “delity on the speci“c slice.

(a) AVM segmentation (b) CBC3D (c) CGAL (d) Cleaver

Fig. 10. Qualitative results on (topologic) mesh “delity. (a): AVM extracted from case 5 (Table 2). (b), (c), (d): CBC3D, CGAL, and Cleaver
tetrahedral mesh, respectively, for this AVM pathology. The red circlesindicate regions where the image topology is not preserved in the mesh.

5.2. Quantitative Results

We accessed the achieved mesh quality in terms of the minimum, maximum dihedral angles [28,29]. Ideally, the
minimum dihedral angle should be large, and the maximum dihedral angle should be small. We access the achieved
mesh “delity in terms of a publicly available Hausdor� Distance (HD) metric [30]. The smaller the HD value, the
higher the “delity. For a multi-tissue mesh, the HD is computed as: HD= max(HD1, HD2, . . . , HDn), wheren is the
number of the tissues, HDi is the two sided Hausdor� Distance of sub-meshi, andi = 1, 2, . . . , n. HDi is computed
between two point-sets: the “rst set contains the surface vertices of sub-meshi; the second set contains the voxels on
the surface of tissuei.
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(a) Brain segmentation (b) CBC3D (c) CGAL (d) Cleaver

Fig. 11. Qualitative results on mesh smoothness. (a): Brain segmentation from case 3 (Table 2). (b), (c), (d): CBC3D, CGAL, and Cleaver surface

mesh consisting of 18018, 28098, and 443276 triangles, respectively, for this brain segmentation. In (d) we do not visualize the triangle’s edges,

due to their large number.

Table 4 presents the quantitative results. Cleaver achieves the highest average mesh quality, with (min, max)

dihedral angles (12.61◦, 148.13◦). CGAL’s optimization phase aims at eliminating slivers providing good shaped

tetrahedra with slightly worse quality than Cleaver. The CBC3D generates meshes of sufficient quality with average

(min, max) dihedral angles (4.81◦, 172.56◦). Our implementation does not provide any theoretical angle bounds for

the deformed mesh, but it guarantees a superior element quality during the red-green refinement, with worse (min,

max) dihedral angles (30◦, 116.5◦). In the future, we will introduce an optimization step based on local element

transformations and vertex repositioning, to further improve the quality of the smoothed mesh.

Our meshing method achieves the highest fidelity in this study. In terms of a Hausdorff Distance metric, CBC3D

exhibits on average 3.79 and 1.32 times higher fidelity compared to CGAL and Cleaver, respectively (Table 4). CGAL

achieves a low fidelity in case 4 (46.54 mm), and case 5 (21.35 mm) because, in the former, it ignores the lateral

ventricles (Figures 8(d), 9(d)), and in the latter, it does not accurately preserve the vessels structures (Figure 10(c)).

Also, CBC3D keeps the element count low. It generates on average about 1.1 times more, and 6.3 times fewer

elements compared to CGAL and Cleaver, respectively (Table 4). CBC3D and CGAL provide an explicit control on

the element size, via parameters BCCsize, and f acet size, cell size, respectively. On the other hand, Cleaver implicitly

controls the mesh size with the violation parameters αshort, αlong (Table 3).

Table 4. Quantitative evaluation results. The dihedral angle ∈ (0◦, 180◦) denotes the mesh quality. The larger the minimum angle or the smaller the

maximum angle, the higher the mesh quality. The HD metric denotes the mesh fidelity. The smaller the HD, the higher the fidelity.

Case
#Tetrahedra Dihedral angle (min, max) HD (mm)

CBC3D CGAL Cleaver CBC3D CGAL Cleaver CBC3D CGAL Cleaver

1 69101 414470 2550628 (12.20◦ , 157.67◦) (12.01◦ , 162.27◦) (10.88◦ , 152.92◦) 3.47 3.21 6.38

2 500777 376077 3238752 (0.21◦, 179.68◦) (12.06◦ , 161.86◦) (9.49◦, 153.51◦) 6.22 7.66 5.42

3 294005 516927 3276161 (0.29◦, 179.57◦) (12.03◦ , 163.02◦) (11.34◦ , 153.15◦) 4.11 3.37 5.03

4 541943 346337 2629208 (11.18◦ , 166.19◦) (5.43◦, 170.53◦) (25.06◦ , 126.94◦) 3.02 46.54 5.56

5 952986 350449 3235942 (0.18◦, 179.72◦) (5.42◦, 171.07◦) (6.23◦, 154.14◦) 4.87 21.35 6.32

Average 471762 400852 2986138 (4.81◦, 172.56◦) (9.39◦, 165.83◦) (12.61◦ , 148.13◦) 4.33 16.42 5.74

In this study, all the experiments were conducted on a machine with an Intel i7-2600@3.40 GHz CPU, and 16 GB

of RAM. For a relatively small multi-tissue mesh (case 3, Table 4), the CBC3D completes in 272.88 seconds (i.e.

63.59+ 208.70+0.59 seconds for the mesh generation & refinement, deformation, and I/O, respectively). For a larger

multi-tissue mesh (case 5, Table 4), the CBC3D completes in 530.39 seconds (i.e. 94.56 + 434.10 + 1.73 seconds for

the mesh generation & refinement, deformation, and I/O, respectively). This CBC3D version does not address any

kind of performance issues in terms of time efficiency. In our future work, we will improve the CBC3D execution

time by introducing a Structured Adaptive Mesh Refinement (SAMR) scheme [31], and we will conduct an extensive

performance evaluation on the three meshing methods.

In summary, from our previous work on lattice-based meshing, we showed that quality, fidelity and size criteria,

are in conflict (see Table 1 in [12]). This qualitative/quantitative evaluation shows that among the methods in this
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study, the CBC3D meshes: (1) represent most accurately the geometry/topology of the image object, (2) keep the

element count low, and (3) exhibit an acceptable element quality; thus, are suitable for anatomic modeling of AVM

for interactive surgical simulations.

6. Summary and Conclusion

We presented an open-source implementation of an adaptive multi-tissue tetrahedral mesh generator customized for

anatomic modeling of AVM for surgical simulations. Our approach, initially, generates an adaptive BCC mesh of high

quality elements, from a multi-labeled segmented image. Then, it deforms the mesh surfaces to their corresponding

physical image boundaries, to improve the mesh fidelity and smoothness. We introduced a new implementation of

a mesh deformation scheme, which builds upon the ITK toolkit, improving the overall reliability and portability of

our method. The deformation scheme relies on a multi-material, point-based registration, and uses non-connectivity

patterns to implicitly control the number of the extracted image features needed for the registration. As a result, it

balances the trade-off between the achieved mesh fidelity and the deformation speed. Our software is available as a

stand-alone ITK library (multi-tissue version), as an extension in 3D Slicer (single-tissue; the multi-tissue code will

become available before the IMR meeting), and as a SOFA plugin within an interactive simulator for neurosurgical

procedures involving brain AVM (multi-tissue).

We compared our implementation with two other open-source meshing codes: CGAL v4.5.2 and Cleaver v1.5.4.

We reported qualitative/quantitative results on the geometric/topologic fidelity, the mesh gradation, smoothness and

quality, obtained from five isotropic/anisotropic images. The evaluation indicated that our technology provides well

graded, smooth meshes, of reasonable size, that reflect a certain degree of visual reality, without compromising the

geometric/topologic fidelity of the anatomic modeling. The CBC3D meshes accurately conform to the object’s sur-

faces/interfaces, and preserve the majority of the image features in complex geometries pertinent to AVM. In terms of

a Hausdorff Distance metric, the CBC3D exhibits on average 3.79 and 1.32 times higher fidelity, compared to CGAL

and Cleaver methods, respectively. Qualitative results are consistent with these data.

Additionally, we will introduce a Structured Adaptive Mesh Refinement (SAMR) scheme [31] to improve the

performance and the gradation of the CBC3D method. SAMR, initially discretizes the image domain with a uniform

mesh, and then it generates new finer sub-meshes (components) near the areas where the physics are “changing”

(e.g. AVM blood flow simulation in regions of interest). SAMR uses an independent PDE solver in each of the

mesh components, and accesses the validity of the numerical results. If the numerical solution satisfies the analysis

requirements then the refinement stops; otherwise SAMR discretizes the mesh with a finer resolution until it obtains

an acceptable solution. Besides, each mesh component has its own solution vector which is computed independently

from the solution of the other mesh components. This is important for the parallelization of the SAMR, where each

mesh component is associated to a single core/node and the under-utilized cores/nodes (e.g. those that compute the

PDE solution in smaller number of cells or mesh points) can request automatically additional work from the rest of

the cores/nodes.
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